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Abstract
Background: Previous studies suggested associations between prenatal exposure to air pollution and hypertensive
disorders of pregnancy. We explored the associations between ambient concentrations of five major air pollutants
during preconceptional and prenatal periods and three hypertensive disorders of pregnancy in Seoul, Korea, using
a population-representative cohort.
Methods: We obtained heath and demographic data of pregnant women residing in Seoul for 2002–2013 from
the Korean National Health Insurance Service–National Sample Cohort. For mother’s individual exposures to air
pollution, we computed concentrations of particulate matter ≤10 μm in diameter (PM10), nitrogen dioxide (NO2),
carbon monoxide (CO), sulfur dioxide (SO2), and ozone (O3) during 1, 3, 6, and 12 months to birth using regulatory
monitoring data in Seoul. The associations between air pollution and hypertensive disorders were explored by
using logistic regression models after adjusting for individual confounders.
Results: Among 18,835 pregnant women in Seoul, 0.6, 0.5, and 0.4% of women developed gestational
hypertension, preeclampsia, and preeclampsia requiring magnesium sulfate (Mg-preeclampsia), respectively.
Although most odds ratios (ORs) were not statistically significant, we found increasing risk gradients with disease
severity depending on the pollutant. There was the association between PM10 during 6 months to birth and
gestational hypertension (OR for an interquartile range increase = 1.68 [95% confidence interval = 1.09–2.58]).
NO2 and ozone during 12 and 1 month, respectively, before birth were associated with Mg-preeclampsia
(1.43 [1.01–2.03], 1.53 [1.03–2.27]).
Conclusions: We observed positive associations of exposure to some air pollutants before and during pregnancy
with hypertensive disorders of pregnancy among the Korean general population. Future studies with refined
exposure metrics should confirm our findings.
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Background
Hypertensive disorders of pregnancy are major direct
causes of perinatal mortality and morbidity [1–3] lead-
ing to profound consequences on short-term and po-
tentially long-term basis for maternal and child health
[4, 5]. Hypertension developed during pregnancy in
some women progress to preeclampsia and mothers
with preeclampsia can experience fatal complications
including eclampsia [6, 7]. The women with history of
hypertensive disorders of pregnancy also have in-
creased risk of cardiovascular disease, stroke, and type
II diabetes later in life [8–11]. The babies of affected
mothers are more likely to show intrauterine growth
restriction, preterm birth, and low birth weight due to
decreased placental blood supply and medically indi-
cated delivery [12, 13]. Furthermore, the offspring
shows higher rates of admission to neonatal intensive
care units and increased risk of hospitalization for in-
fectious, nervous, respiratory, endocrine, and meta-
bolic complications [14]. In adulthood, they are more
likely to have elevated blood pressure and increased
risk of stroke [15, 16].
A growing body of evidence indicates that ambient
air pollution is related to hypertensive disorders of
pregnancy including preeclampsia [17–20]. Ambient
concentrations of air pollutants such as particulate
matter ≤10 and ≤ 2.5 μm in diameter (PM10 and PM2.5,
respectively), nitrogen dioxide (NO2), carbon monoxide
(CO), sulfur dioxide (SO2), and ozone (O3) were associ-
ated with hypertensive disorders of pregnancy [19, 21,
22] and with preterm delivery [23, 24]. Although the
mechanism of this phenomenon remains unclear, it is
hypothesized that air pollution could result in hyper-
tensive disorders and placental hypoxia via vascular
constriction, inflammation, and oxidative stress [20,
25]. However, the association between air pollution and
hypertensive disorder in pregnancy has been inconsist-
ent, depending on the susceptible period, severity of
hypertensive disorder, and air pollutants of concern in
previous studies [17, 21, 26]. This inconsistency may
originate from generalizability of study population,
unadjusted residual confounders, exposure assessment
approach, and the different level of air pollution con-
centrations across study areas [20, 27]. In addition,
most studies focused on air pollution exposure for a
few months corresponding to each trimester, without
consideration of possible pro-preeclamptic effect of
preconceptional exposure.
The National Health Insurance Service–National Sample
Cohort (NHIS-NSC) in Korea offers an opportunity for
exploring the relationship between air pollution and
hypertensive disorders of pregnancy among the general
population. This cohort provides clinical risk factors and
disease diagnoses in addition to general demographics.
We restricted our analysis to Seoul, the capital of South
Korea, which is densely populated (~ 10 million people)
and highly polluted (annual average concentration of
PM10 = 51.3 μg/m
3 in 2010) compared to the World
Health Organization guideline (PM10 = 20 μg/m
3) [28].
Previous epidemiological studies in Seoul reported associ-
ations between air pollution and adverse birth outcomes
[29–31]. Herein, we aimed to explore the association be-
tween three types of hypertensive disorders of pregnancy
and exposure to five primary pollutants (PM10, NO2, CO,




This study was based on the NHIS-NSC data which
can be accessed through the National Health Insur-
ance Data Sharing Service website (http://nhiss.nhi-
s.or.kr). Applicants can gain access to NHIS-NSC data
after securing institutional review board (IRB) ap-
provals and making payments [32]. The Korean Na-
tional Health Insurance (NHI) is a single-insurer
system established in 1989 that covers all nationals and
eligible immigrants who reside in South Korea [33]. Its
database contains general demographics, including house-
hold income in percentiles and residential address, and
clinical information on diagnoses, prescribed medications,
procedures, and treatments covered by NHI for every visit
to a health institution. From this database, the NHIS cre-
ated the NHIS-NSC of approximately 1 million Ko-
rean participants who were sampled in 2002 based on a
population-representative sampling design and followed
for 11 years unless participants were disqualified due to
death or emigration. Individuals and health institutions in
the cohort were anonymized. The detailed cohort profile
is previously published [32]. Over 100 studies of medical
conditions such as cardiovascular diseases and diabetes
have been published using the NHIS-NSC data, since it
became publicly available in 2014 [34–38].
We identified women in the NHIS-NSC who gave birth
using the following stepwise inclusion criteria based on
the hierarchical method suggested by Kuklina et al. and
applied to previous Korean studies [34, 35, 39]: 1) those
with an obstetric treatment history in an obstetrics and
gynecology department and with a diagnostic code for
pregnancy-related conditions (starting with ‘O8’ in the
International Statistical Classification of Disease and
Related Health Problems, 10th Revision [ICD-10]); 2)
those with hospital admission made under a treatment
code for child birth; and 3) those aged between 15 and
44 years. For women with multiple births, we included
only the earliest births in the cohort. Finally, women who
lived in Seoul were selected for the analysis.
Choe et al. BMC Pregnancy and Childbirth  (2018) 18:340 Page 2 of 10
Maternal exposure assessment
Hourly measurements of PM10, NO2, CO, SO2, and O3
at about 40 air quality monitoring sites in Seoul from
2001 through 2013 were obtained from the National In-
stitute of Environmental Research (NIER). We used
urban background sites, after excluding urban roadside
sites, to represent residential exposures. Each of the 25
districts (the area of 10–47 km2) in Seoul has had one
urban background site over the entire study period. For
the districts with more than one site run for a limited
period, we used the site operated for the entire period.
Using hourly measurements of these air pollutants, we
calculated daily representative concentrations of five pol-
lutants: 24-h averages for PM10, NO2, and SO2, and
maximum of 17 8-h moving averages for CO and O3.
These maximum concentrations of CO and O3 reflected
the high concentrations during commuting hours and
high correlation with sunlight [40].
We computed individual exposures of each mother
by four exposure periods. Since date of birth was avail-
able without gestational age at birth in the NHIS-NSC
data, we defined the four exposure periods as 12, 6, 3,
and 1 month to birth, instead of each trimester. Whereas
6- to 1-month exposure represents trimester-based expos-
ure during pregnancy, 12-month exposure additionally in-
corporates preconceptional period [41, 42]. We averaged
daily concentrations for each of the four periods to derive
representative exposure estimates for the corresponding
period. Since the residential addresses were available at
the district level, we assigned district-averages to
mothers living in the same district as individual expo-
sures. We assumed that mothers’ addresses at the time
of childbirth were consistent to those during 12, 6, 3,
and 1 month to birth, given low moving rate within a
year in the cohort [43].
Confounding variables
We included established risk factors in the model for
exploring the relationship between air pollution and
hypertensive disorders of pregnancy. The risk factors
were age, parity, plurality, paid employment, presence
of diabetes (gestational or non-gestational) and relative
level of household income [1, 3, 44]. The household in-
come was classified into three groups (low, 0–40%;
middle, 40–80%; and high, 80–100%). Diagnosis of dia-
betes were determined by any type of diabetes based on
ICD-10 codes (E10, type 1 diabetes mellitus; E11, type
2 diabetes mellitus; E12, malnutrition-related diabetes
mellitus; E13, other specified diabetes mellitus; E14, un-
specified diabetes mellitus; and O24, diabetes mellitus
in pregnancy). When these codes coexisted with obstet-
ric delivery in the same year, the case was determined
to have the corresponding condition.
Hypertensive disorders of pregnancy were grouped
into three categories representing mild to severe disease:
gestational hypertension, preeclampsia, and preeclamp-
sia requiring magnesium sulfate (Mg-preeclampsia). To
reflect severity of preeclampsia, the three hypertensive
conditions were determined with corresponding ICD-10
and procedure codes. Gestational hypertension was de-
fined as the presence of ICD-10 codes for hypertension
in pregnancy (O13, gestational hypertension without
significant proteinuria) excluding preeclampsia cases.
Presence of ICD-10 codes for preeclampsia (O14.0,
mild-to-moderate preeclampsia; O14.1, severe pre-
eclampsia; O14.2, HELLP (hemolysis, elevated liver en-
zymes, and lower platelets) syndrome; and O14.9,
preeclampsia, unspecified) without the procedure code
for intravenous magnesium sulfate (Magnesium sulfate)
infusion was determined to be preeclampsia to repre-
sent cases with mild to moderate severity. Magnesium
sulfate is used as the first-line treatment for severe pre-
eclampsia presented with any symptom or sign of
impending eclampsia such as blurred vision, upper ab-
dominal pain and hyperreflexia [45]. Since magnesium
sulfate can be used for other indication than pre-
eclampsia, Mg-preeclampsia was defined as a condition
with coexistence of the ICD-10 code for preeclampsia
and procedure code for magnesium sulfate infusion.
Statistical analysis
The individual characteristics and concentrations of the
five air pollutants during the four periods were compared
between any pair of the normotensive (no hypertensive
disorders of pregnancy) and the three hypertensive dis-
order groups (gestational hypertension, preeclampsia, and
Mg-preeclampsia). Pearson’s Chi-squared test with Yates’
continuity correction was used for paired-comparison of
socio-demographic and clinical characteristics. Student t
test was used for comparison of averaged concentrations
of the five air pollutants. To examine the association be-
tween air pollution and gestational hypertensive disorder,
we conducted logistic regression analysis for each pair of
the five pollutants and three hypertensive disorder out-
comes by the four periods. The reference group for ana-
lyses of all three hypertensive disorder outcomes was the
normotensive. In the model, we adjusted for maternal age,
household income, paid employment, nulliparity, plurality,
diabetes, and a long-term temporal trend. The temporal
trend representing seasonal and annual changes of hyper-
tensive disorders of pregnancy was characterized by using
natural cubic spline with 12 degrees of freedom (df) (1 df
per year). Effect estimates were presented with odds ratios
(ORs) and 95% confidence intervals (CIs) for interquartile
range (IQR) increases in each of the five pollutant con-
centrations. We conducted several sensitivity analyses
including temporal adjustment with different degrees of
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freedom and adding interaction of the four seasons on
hypertensive disorders. The four seasons of spring,
summer, autumn, and winter were defined as March–May,
June–August, September–November, and December–
February, respectively. The analyses were performed using
R (ver. 3.0.3; R Development Core Team, Vienna, Austria).
This study was reviewed and approved by the Institu-
tional Review Board of Gangnam CHA hospital (IRB
No. GCI-16-22).
Results
In NHIS-NSC, 18,835 women who lived in Seoul at the
time of delivery were identified from 2002 through
2013. The prevalences of hypertensive disorders of
pregnancy were 5.7, 4.7, and 4.1 per 1000 pregnant
women for gestational hypertension, preeclampsia, and
Mg-preeclampsia, respectively. Table 1 summarizes the
basal characteristics of the normotensive and three
hypertensive disorder groups. Majority of women were
aged 25–34 years (78%), housewives (71%) and nullipar-
ous (60%). There was no Mg-preeclampsia case in
women aged 15–24 years. The gestational hypertension
group had higher proportion of women with advanced
age than the normotensive group. Proportions of nulli-
parity, multiple gestation, and diabetes were higher in
women with preeclampsia and Mg-preeclampsia than
in the normotensive. The normotensive group showed
higher level of household income than the gestational
hypertension group; however, the composition in the
household income tertiles was not different among the
normotensive and each of the preeclampsia and
Mg-preeclampsia groups. No significant seasonality was
observed in the birth date of the normotensive and
three hypertensive groups. Average PM10 and NO2 con-
centrations during 12 months to birth were lower in
the gestational hypertension group than those in the
normotensive. Concentrations of all air pollutants ex-
cept SO2 during 12 months to birth were higher in the
Mg-preeclampsia group compared with the gestational
hypertension group. In general, correlation coefficients
for average concentrations of five air pollutants dur-
ing the four exposure periods were moderate to high
(r = 0.43–0.85) between 6 and 3 months and between
3 and 1 month to birth (Table 2).
Adjusted risk estimates of gestational hypertension, pre-
eclampsia, and Mg-preeclampsia for IQR increases of the
five air pollutants are summarized in Fig. 1. Patterns of
the associations varied by pollutants, hypertensive disor-
ders, and exposure periods; however, most risk estimates
were not statistically significant. Average concentrations
of PM10 during 12, 6, and 3 months before birth were
significantly or marginally associated with gestational
hypertension (OR = 1.67 [95% CI, 0.91–3.04], 1.68 [1.09–
2.58], and 1.35 [0.91–1.99], respectively). There was no
association with preeclampsia or Mg-preeclampsia. For
NO2, CO, and SO2 during 12 and 6 months before birth,
the risk estimate for each hypertensive disorder generally
increased with disease severity though the findings were
close to null. Average concentration of NO2 during
12 months to birth was associated with Mg-preeclampsia
(OR = 1.44 [95% CI, 1.01, 2.05]). Compared to the other
four pollutants, O3 showed increasing risk for a shorter
exposure period. Increasing average concentration of
O3 for 1 month before birth was associated with
Mg-preeclampsia (OR = 1.53 [95% CI, 1.03–2.27]).
In our sensitivity analysis, no particular season showed
consistently large risk estimates compared to the other
seasons (Additional file 1: Figure S1). Patterns of risk
estimates using different degrees of freedom, which re-
flects various temporal adjustment, were generally consist-
ent with those of primary analyses (see Additional file 2:
Figure S2).
Discussion
Using a population-representative cohort, this study in-
vestigated patterns of associations between concentra-
tions of five major air pollutants and three hypertensive
disorders of pregnancy for four exposure periods. Al-
though mostly null risk estimates were observed, there
were generally increasing risk gradients for all pollutants,
except for PM10, to more severe forms of hypertensive
disorders of pregnancy. Risk estimates were higher with
longer exposure periods than shorter periods, except for
O3. In particular, this study suggested an association be-
tween air pollution during preconceptional period and
preeclampsia which has not been explored previously.
In this study, we observed patterns of higher risk esti-
mates for hypertensive disorders of pregnancy with lon-
ger exposure periods such as 12 or 6 months than with
shorter exposure periods, except for O3. Most studies
suggested that the pro-hypertensive effect of air pollu-
tion would be short-term (i.e., 2nd or 3rd trimester) ra-
ther than long-term (12 months before birth including
the preconceptional period). Thus, this finding may need
another explanation. During the preconceptional period,
exposure to high concentrations of air pollutants would
induce systemic inflammatory reactions, which would
have mediated changes in the vascular bed and blood
pressure in normal healthy individuals [46, 47]. However,
an adaptive process to increased inflammatory cytokines
and vascular resistance in pregnant women may sup-
press immediate changes in blood pressure [48]. As
blood pressure in pregnancy gradually increases until
child birth [22], exposure to increased air pollutants long
before birth would make women more vulnerable to
preeclampsia. Especially for NO2 exposure during
12 months before birth, this change might have occurred
in a cumulative manner, showing generally greater risks
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Table 1 Characteristics and five air pollutant concentrations of normotensive, gestational hypertension, preeclampsia and
Mg-preeclampsia groups in 18,835 pregnant women residing in Seoul for 2002–2013 from the Korean National Health Insurance
Service–National Sample Cohort
Characteristics Normotensive group N = 18,565 Gestational hypertension N = 105 Preeclampsia N = 88 Mg-preeclampsia N = 77
Maternal age (years)
15–24 542 (2.9) 3 (2.8) 4 (4.5) 0 (0)
25–34 14,564 (78.4) 70 (66.7)a 65 (73.9) 57 (74.0)
35–44 3459 (18.7) 32 (30.5)a 19 (21.6) 20 (26.0)
Paid employment 5309 (28.6) 32 (30.5) 23 (26.1) 22 (28.6)
Nulliparity 10,551 (56.8) 69 (65.7) 67 (76.1)a 53 (68.8)a
Multiple gestation 268 (1.4) 2 (1.9) 7 (8.0)a 7 (9.1)a, b
Diagnosis of diabetes 297 (1.6) 8 (7.6)a 7 (8.0)a 7 (9.1)a
Household income (%)
0–40 3509 (18.9) 27 (25.7)a 14 (15.9) 16 (20.8)
40–70 7607 (41.0) 51 (48.6)a 42 (47.7) 38 (49.3)
70–100 7449 (40.1) 27 (25.7)a 32 (36.4) 23 (29.9)
Birth season
Spring 4689 (25.3) 34 (32.4) 22 (25.0) 22 (28.6)
Summer 4288 (23.1) 22 (21.0) 17 (19.3) 23 (29.9)
Fall 4916 (26.5) 27 (25.7) 30 (34.1) 18 (23.3)
Winter 4672 (25.1) 22 (21.0) 19 (21.6) 14 (18.2)
PM10 (μg/m
3) for four exposure periods
12 months to birth 57.78 ± 10.31 54.72 ± 10.40a 58.08 ± 11.57 58.15 ± 9.81b
6 months 56.23 ± 13.56 54.11 ± 13.75 54.64 ± 14.11 55.84 ± 13.22
3 months 56.34 ± 16.68 54.15 ± 15.58 52.72 ± 14.80a 56.56 ± 16.99
1 month 56.68 ± 20.40 53.12 ± 16.58 52.95 ± 17.79 a 53.40 ± 17.64
NO2 (ppb)
12 months 35.33 ± 4.42 34.10 ± 4.51a 35.07 ± 4.97 36.31 ± 4.38b
6 months 35.12 ± 5.85 33.99 ± 5.38a 34.51 ± 6.27 36.02 ± 5.84b
3 months 35.19 ± 7.22 34.30 ± 6.50 34.41 ± 7.09 35.43 ± 7.82
1 month 35.33 ± 8.47 33.70 ± 7.07a 35.13 ± 7.54 34.62 ± 9.52
CO (100 ppb)
12 months 76.16 ± 14.45 73.13 ± 13.80a 77.34 ± 16.43 77.65 ± 12.13b
6 months 75.20 ± 18.93 72.23 ± 17.41 75.42 ± 19.83 77.27 ± 19.58
3 months 75.28 ± 23.28 72.72 ± 19.94 74.41 ± 22.76 76.03 ± 23.92
1 month 75.24 ± 25.85 70.69 ± 21.54 73.12 ± 23.17 74.24 ± 29.24
SO2 (ppb)
12 months 5.25 ± 1.06 5.12 ± 0.90 5.35 ± 1.10 5.18 ± 1.09
6 months 5.24 ± 1.43 5.11 ± 1.24 5.20 ± 1.47 5.31 ± 1.57
3 months 5.27 ± 1.74 5.26 ± 1.53 5.21 ± 1.81 5.17 ± 1.77
1 month 5.29 ± 1.99 5.17 ± 1.56 5.35 ± 1.96 4.97 ± 2.15
O3 (ppm)
12 months 29.74 ± 4.93 31.33 ± 4.28 29.51 ± 5.11b 29.49 ± 5.21b
6 months 29.54 ± 8.90 29.87 ± 8.39 29.56 ± 9.67 28.55 ± 9.12
3 months 29.36 ± 11.40 29.62 ± 10.46 28.20 ± 10.76 30.67 ± 11.98
1 month 29.54 ± 12.86 30.37 ± 11.92 27.71 ± 11.04 31.70 ± 13.94
PM10 particulate matter, NO2 nitrogen dioxide, CO carbon monoxide, SO2 sulfur dioxide, O3 ozone
Numbers presented in parentheses are percentages. Concentrations of air pollutants are shown as mean ± standard deviation. Pearson’s Chi-squared test with
Yates’ continuity correction was used for comparison between pairs of normotensive and three hypertensive disorder groups. Student t test was used for
comparison of period-average concentrations of the five air pollutants between pairs of normotensive and three hypertensive disorder groups
aSignificant difference (p < .05) compared with the normotensive group. bSignificant difference (p < .05) compared with the gestational hypertension group. No
significant differences between preeclampsia and Mg-preeclampsia groups
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with disease severity as shown in this study. The cumula-
tive adverse effect of NO2 was consistent with previous
findings in normal non-pregnant individuals [18, 49].
Thus, the reason for the null findings for most air pollut-
ants during pregnancy for short terms may be due to the
relatively short period to provoke hypertensive or pre-
eclamptic change in this study population. The differential
impact of these air pollutants on hypertensive disorders
should be further clarified in future studies.
We found positive associations of PM10 with gesta-
tional hypertension, but not with preeclampsia or
Mg-preeclampsia, which is consistent with a previous
study [17]. Some previous studies of relationships be-
tween PM10 exposure during pregnancy and gestational
hypertension have shown notable heterogeneity [17, 22,
50]. Our study also showed a negative association between
PM10 and preeclampsia that we did not anticipate. Based
on the general pattern of no associations for PM10 and
preeclampsia, it might be one of the random findings
which can be occurred in multiple simultaneous testing
[51]. Also different levels of PM10 concentrations or char-
acteristics of study population would have contributed to
the inconsistency. The different associations between
three pregnancy-related hypertensive disorders and air
pollution may reflect their different disease entities with
distinct etiology and mechanism [52]. Potential factors
underlying the different associations between hypertensive
conditions and settings should be confirmed with
well-designed studies in the future.
This study showed non-significant risk estimates for
most pairs of air pollutants, hypertensive disorders, and
exposure periods. Relatively crude estimates for individ-
ual exposures could have resulted in exposure measure-
ment error and subsequent null associations. We used
the district-average concentrations as individual expo-
sures, which do not represent the spatial variability of
air pollution among individuals within the same dis-
trict. Recent epidemiological studies of air pollution
assessed individual-level exposure to air pollution by using
fine-scale address data and exposure prediction ap-
proaches such as land use regression, air quality models,
and geostatistical methods [53–55]. These models in-
cluded a large suite of geographic variables, satellite image
data, or spatial correlation structure to better represent
spatial variability of air pollution across people’s homes.
However, because residential addresses in NHIS-NSC are
available at the district level without fine spatial-scale in-
formation such as towns and streets, we were not able to
apply these modeling approaches. The refined exposure
assessment using fine-scale address data may yield more
precise and/or accurate risk estimates. However, this ex-
posure misclassification would not be correlated with out-
come and could have led to risk estimates toward the null
[56]. Thus, true effects may be higher than those observed
in this study. In addition, our use of consistent exposure
estimates during pregnancy based on residential addresses
at the time of birth without incorporating moving would
have resulted in the null findings [20]. However, this im-
pact could be minimal given low moving rate within a year
in the same cohort [43].
Prevalence of preeclampsia and Mg-preeclampsia (0.9%)
in our study population is much lower than those in other
countries. Prevalence of preeclampsia was 2.6–3.4% in US
women [20, 57] and 1.2–6% in European population [17,
26, 58]. If patients of preeclampsia or Mg-preeclampsia
were not coded in the NHIS database and treated as nor-
mal cases in our analysis, this misclassification would have
resulted in underestimation of the prevalence of preeclamp-
sia. However, under-reporting is less likely in health in-
surance claim data created based on the national health
insurance system that requires diagnosis codes for re-
imbursement in South Korea [59]. There are at least
three possible explanations for the low prevalence in
this study: Asian ethnicity, metropolitan residential
environments, and early live birth status. First, some
studies reported low rates of preeclampsia in Asian
Table 2 Pearson correlation coefficients between pairs of
period-average concentrations of five air pollutants in 18,835
pregnant women residing in Seoul for 2002–2013 from the
Korean National Health Insurance Service–National Sample
Cohort
Exposure period 12 months 6 months 3 months
PM10
6 months 0.74 – –
3 months 0.61 0.8 –
1 month 0.5 0.53 0.8
NO2
6 months 0.77 – –
3 months 0.62 0.82 –
1 month 0.51 0.56 0.82
CO
6 months 0.69 – –
3 months 0.53 0.81 –
1 month 0.43 0.51 0.85
SO2
6 months 0.74 – –
3 months 0.58 0.83 –
1 month 0.49 0.56 0.85
O3
6 months 0.57 – –
3 months 0.43 0.77 –
1 month 0.35 0.43 0.84
PM10 particulate matter, NO2 nitrogen dioxide, CO carbon monoxide, SO2 sulfur
dioxide, O3 ozone
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population. A study that compared preeclampsia across
different race/ethnicity populations showed the lowest rate
of mild and severe preeclampsia in Asian/Pacific Islanders
(2.0% and 1.6%) and the highest in non-Hispanic black
(4.8% and 3.5%) [60]. Other studies reported that severe
preeclampsia was developed in 0.49% of Chinese women
[61], 0.5% in Danish [62], and 0.4% in British study [63].
Second, because women living in Seoul, the capital of
South Korea, showed generally better health conditions
than others in small cities or rural areas [64, 65], our re-
striction of the study population to those living in Seoul
possibly resulted in low hypertensive disorders of preg-
nancy compared to other reports. In our previous studies
for South Korea, prevalence of preeclampsia in total and
severe preeclampsia (requiring MgSO4) was higher (1.2
and 0.9%) than ours [34, 35]. A Chinese study also showed
significant geographical differences in the prevalence of
hypertensive disorders, showing the highest (7.44%) in
Northern China and the lowest (1.23%) in Central China
[66]. Lastly, inclusion of only one live birth case for each
mother might have further lowered the prevalence by ex-
cluding recurrent preeclampsia and deliveries ended with
stillbirth. These three explanations could also be applied
to low prevalence of gestational hypertension found in our
study. In addition, previous studies of gestational hyper-
tension prevalence showed large variation across popula-
tion and study areas: low rates of 1.2% in Central China
[66] and 1.4% in New York City [67], and high rates of
19.4% in Zimbabwe [68] and 11.6% in Nigeria [69].
This study has several additional limitations. The risk
estimates for 6, 3, and 1 month to birth in this study
cannot be directly compared with those in previous
studies which were calculated for the first or second tri-
mester of pregnancy. However, as the sign of preeclamp-
sia or severe preeclampsia became evident beyond the
second trimester in most cases, the gestational age cor-
responding to 3 or 1 month to birth may not be critically
different from that of the second trimester. The null
result for the relationship between air pollution during 1
or 3 months to birth and hypertensive disorders of preg-
nancy except O3 and Mg-preeclampsia is consistent with
the results of several studies that reported same null
findings in the second trimester [19, 20]. Second, we
were not able to assess and control for the influence of
important confounders such as smoking or obesity
before and during pregnancy. Because the prevalence of
smokers would be extremely low in pregnant Korean
women [70] and presence of diabetes (which is closely
Fig. 1 Odds ratios and 95% confidence intervals of three types of hypertensive disorders of pregnancy for interquartile range increases in five air
pollutant concentrations by four exposure periods in 18,835 pregnant women residing in Seoul from the Korean National Health Insurance
Service–National Sample Cohort for 2002–2013. PM10, particulate matter; NO2, nitrogen dioxide; CO, carbon monoxide, SO2, sulfur dioxide; O3,
ozone; GHTN, Gestational hypertension; PE, preeclampsia; Mg-PE, preeclampsia requiring magnesium sulfate. Date of birth was adjusted using
non-parametric cubic spline smoothing (degree of freedom = 12)
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related with obesity) was included in our model, results
with these confounders would not be significantly chan-
ged. Lastly, this study did not include PM2.5 because
there were limited available data for PM2.5 before 2008
in Seoul. PM2.5 has been suggested to have a greater
health impact than PM10 [71]. With longer temporal
data, the associations between PM2.5 and hypertensive
disorders of pregnancy should be explored in future
studies.
Conclusions
This study suggests positive associations between expos-
ure to some air pollutants during preconceptional and
prenatal periods and hypertensive disorders of preg-
nancy among the general population in Seoul. Future
studies with refined exposure metrics are needed to con-
firm our findings.
Additional files
Additional file 1: Figure S1. Odds ratios and 95% confidence intervals
of three types of hypertensive disorders of pregnancy for interquartile
range increases in five air pollutant concentrations for 12 months and
1 month before birth by four birth seasons in 18,835 pregnant women
residing in Seoul from the Korean National Health Insurance Service–
National Sample Cohort for 2002–2013. No particular season showed
consistently large risk estimates compared to the other seasons. PM10,
particulate matter; NO2, nitrogen dioxide; CO, carbon monoxide, SO2,
sulfur dioxide; O3, ozone; GHTN, Gestational hypertension; PE,
preeclampsia; Mg-PE, preeclampsia requiring magnesium sulfate. First
hollow squares indicate risk estimates not adjusted for birth season. From
the first to fourth solid squares in the same color represent spring,
summer, fall and winter in order. (DOCX 142 kb)
Additional file 2: Figure S2. Odds ratios and 95% confidence intervals
of three types of hypertensive disorders of pregnancy for interquartile
range increases in five air pollutant concentrations for 12 months and
1 month before birth using different degrees of freedom in adjustment
for a temporal trend. Patterns of risk estimates using different degrees
of freedom were generally consistent with those of primary analyses.
(DOCX 127 kb)
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